Glioblastoma is the most common and deadly malignant cerebroma in humans. The median survival time for glioblastoma patients is only 14.6 months, and the 2-year survival rate is \<30%, even for patients received the most aggressive treatment -- surgical resection followed by concurrent radiation and administration of the oral methylator temozolomide ([@bib38]; [@bib10]). Therefore, a more effective treatment for glioblastoma is urgently needed. Ionising radiation (IR) is the primary therapeutic modality for unresectable glioblastoma and the routine adjuvant care for post resection glioblastoma ([@bib30]). However, a significant number of patients would still suffer from tumour recurrence despite aggressive irradiation, highlighting the radioresistance feature of glioblastoma. Thus, developing an effective radiosensitiser may greatly improve the clinical efficacy of IR.

Aberrant activation of the MET signalling pathway is one of the mechanisms underlying the radioresistance of glioblastoma cells ([@bib16]; [@bib8]; [@bib39]). Physiologically, MET receptor tyrosine kinase, which is widely expressed in both endothelial and epithelial cells, regulates cell growth and mobility ([@bib40]). Its abnormal expression is associated with the growth, invasion and metastasis of various solid tumours ([@bib7]). Although somatic mutation of the MET oncogene is rarely observed in glioblastoma, MET is often overexpressed or coexpressed with its cognate ligand, hepatocyte growth factor (HGF), which sustains MET signalling activation and stimulates several malignant phenotypes, such as tumour angiogenesis, metastasis, hypoxia resistance and epithelial to mesenchymal transition ([@bib17]; [@bib31]; [@bib8]). More importantly, recent studies have shown that MET overexpression contributes to the primary and secondary therapeutic resistances of IR, and that certain MET inhibitors have displayed radiosensitive activities ([@bib4]; [@bib21]; [@bib23]; [@bib8]; [@bib15]).

Interfering with the reorganisation between HGF and its only cellular receptor, MET, is considered an alternative approaching for cancer drug development ([@bib19]; [@bib5]). The truncated splice variants of HGF including NK2 and NK4 have been documented to be the MET antagonists ([@bib14]; [@bib27]). The kringle 1 domain of human HGF *α*-chain (HGFK1, residues 123--210 of HGF) was identified as an angiogenic inhibitor that functions by inhibiting the proliferation of aortic endothelial cells ([@bib42]). Using adeno-associated virus-mediated gene expression of HGFK1 (AAV-HGFK1), we previously demonstrated that AAV-HGFK1 inhibits tumour angiogenesis and proliferation of hepatocellular carcinoma by regulating EGFR and bFGF signalling ([@bib34]). Nevertheless, the anti-tumoural activity of HGFK1 has not been linked to MET receptor. Structural analysis has shown that HGFK1 contains a high-affinity domain of HGF that binds to the immunoglobulin-like domains in the ectodomain of MET receptor, but lacks the binding fraction to heparin sulphate, an indispensable element for ligand-induced MET receptor dimerisation ([@bib11]). On the basis of the structural affinity of HGFK1 with MET, we hypothesise that HGFK1 targets the MET receptor to suppress tumour progression and sensitise glioblastoma cells to IR.

In addition to the therapeutic gene, an effective gene therapy also greatly depends on the gene delivery vector. The AAV vector used in our previous study has high transfection efficiency, but the cytotoxicity and hepatotropism have limited its application in glioblastoma ([@bib46]; [@bib24]). We previously developed a cationic co-polymer consisting of low molecular weight (600 Da) polythylenimine linked by *β*-cyclodextrin and conjugated with folic acid. This co-polymer, named H1, has been documented to be an effective, biodegradable and low-toxicity gene delivery vector both *in vivo* and *in vitro* ([@bib44]; [@bib43]). In particular, we have shown that H1 exhibits high gene transfection efficiency and low cytotoxicity in human glioma cell lines ([@bib44]).

In this study, we formed H1 nanoparticles that encapsulate a plasmid encoding secreted HGFK1 gene (H1/pHGFK1) and investigated their anti-tumoural and radiosensitive abilities in xenograft mouse models of glioblastoma. Furthermore, we elucidated the cellular and molecular mechanisms underlying the therapeutic effect of HGFK1 *in vitro*.

Materials and methods
=====================

Formation of H1/pDNA nanoparticles
----------------------------------

H1 was synthesised according to our previously described method ([@bib44]). To produce the secreted HGFK1 peptide, the cDNA encoding a secreted signalling peptide, IgK leader, was linked to the N-terminal of HGFK1 gene and subsequently sub-cloned into pORF-Luc plasmid (Invivogen, San Diego, CA, USA) using *Kas*I and *Nhe*I sites. The resulting plasmid (pORF-HGFK1) was transformed into DH5*α* competent cells, propagated in LB broth supplemented with 100 μg ml^-1^ ampicillin and purified with PureLink Hipure Plasmid Maxiprep kit (Invitrogen, Carlsbad, CA, USA).

To prepare H1/pHGFK1 polyplexes, we mixed H1 and plasmid that were both dissolved in 5% glucose solution at an N/P ratio of 20:1 in the same volume. The polyplexes were stabilised for 10 min at the room temperature prior to injection.

Animal study
------------

All animal studies were approved by the Animal Experimental Ethics Committees of Xuzhou Medical University (XZMU). Nude mice (BALB/c-nu/nu) aged 4--6 weeks were purchased from HFK Bioscience (Beijing, China) and housed in the Experimental Animal Centre at XZMU.

To establish subcutaneous human glioma xenograft mouse model, U87 cells (5 × 10^6^ cells) growing in the logarithmic phase were subcutaneously injected into the hind legs of nude mice ([@bib26]). On day 10 post-injection when the tumour reached ∼100 mm^3^ in volume, the mice were randomly divided into six groups (*n*=9 per group), namely PBS (control), H1/pEGFP, H1/pHGFK1, IR, IR+H1/pEGFP and IR+H1/pHGFK1 groups. According to our previous study, the reporter gene transduced by H1 nanoparticles via peritumoural injection could be continually expressed for 7 days, and the peak expression occurred at 48 h post-treatment ([@bib43]). In combination with the radiotherapy procedure described by Quanz *et al* ([@bib29]), we established the following treatment plan. On the day of randomisation (day 0), H1/pEGFP or H1/pHGFK1 nanoparticles (50 μg per mouse) or PBS were administered by peritumoural injection. On Day 2, 3 and 4, IR was carried out at a dose of 3 Gy for three consecutive days. To avoid damage to important organs, mice were shielded with a lead box when exposed to radiation. At the end of IR treatment, nanoparticles were administered weekly over the next 3 weeks. The survival status of tumour-bearing mice was monitored daily. The major and minor axes of the tumour mass were measured every 3 days, and the tumour volume was calculated as follows: major axis × minor axis^2^/2.

To monitor the tumour growth in the calvarium noninvasively, we established an orthotopic xenograft mouse model using U118 cells stably expressing luciferase gene. This luciferase-stable U118 cell line was established using Lenti-luciferase (Cat. D13GZ; GenePharma, Shanghai, China) according to the manufacturer's instructions. Six-week-old nude BALB/c mice (Beijing Vital River Laboratory Animal Technology, China) were anaesthetised via intraperitoneal injections of pentobarbital sodium (1%, 0.01 ml g^−1^). Animals were continuously monitored based on neurologic stimulation of the tail and respiration rate. Mice were placed onto a stereotactic frame (RWD Life Science, Shen zheng, China) and secured by ear bars. A 1-cm parasagittal incision was made to display the coronal and superior sagittal sinus. Using an electric dental drill with a 1-mm-diameter burr, the cranium of the mice was bored 2 mm lateral and 1 mm posterior to the anatomic bregma over the right hemisphere. Using a 10-*μ*l microinjector syringe (Hamilton, Reno, NV, USA), 5 *μ*l suspension containing 1 × 10^5^ luciferase-labelled U118 cells was injected into the parenchyma ∼2.5 cm under the dura at a rate of 1 *μ*l min^−1^. The needle was then retracted slowly after the injection, and the scalp was closed. The status of the mice was monitored every day. On day 7 post intracranial seeding of tumour cells, the bioluminescence intensity (BI) of luciferase in the mice was measured using an *in vivo* imaging machine (Night OWL II LB983, Berthold, Germany) following the standard protocol. The mice were randomly divided into 6 groups, namely PBS, H1/pEGFP, H1/pHGFK1, IR, IR+H1/pEGFP and IR+H1/pHGFK1. The average BI of the mice was around 50 000 photons s^-1^ at the time of randomisation, and there was no significant difference in the starting BI among the six groups (*χ*^2^ test, *P*\>0.05). To reduce the injected volume in the cranium, we condensed the H1/pDNA nanoparticles by lyphilisation and reconstituted them with double deionised water at a concentration of 10 *μ*g *μ*l^−1^ following the methods described by Sonabend *et al* ([@bib37]). Intracranial injection of H1/pDNA nanoparticles (50 *μ*g per mouse) was performed using the same technique on grouping day. IR treatment in the orthotopic model was performed at the same dose (10 Gy) and schedule as in the subcutaneous mouse model. IR was focused on the brain of mice with other areas shielded with a lead block to avoid damage. To measure tumour growth, the mice were monitored by *in vivo* imaging on days 7 and 14 post-treatment according to our previously developed protocol.

Immunohistochemistry
--------------------

On day 7 post-treatment, three mice from each group were killed. Tumour tissue were extracted and fixed with 4% paraformaldehyde for immunohistochemistry staining. Sectioning and staining were performed in accordance with the standard protocols. Briefly, paraffin-embedded tissue blocks were cut to a thickness of 8 *μ*m using a microtome. Deparaffinised and rehydrated sections were made by epitope retrieval via a heat-induced protocol.

To evaluate the proliferative index of tumour tissues, the Ki-67 labelling index was determined following the method described by Shaffrey *et al* ([@bib33]). Briefly, five views of each slide were randomly selected at high-power magnification (× 40), among which the percentage of Ki-67 cells was calculated as the average number of positive cells in each field out of 1 × 10^3^ cells. This value was considered the Ki-67 labelling index.

To measure the apoptosis of tumour tissues, TUNEL staining (terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin nick end labelling) using an *In Situ* Cell Death Detection Kit (Cat. No. 11684817910, Roche, Mannheim, Germany) was performed according to the manufacturer's protocol for paraffin-embedded tissues. Briefly, the deparaffinised and rehydrated sections were blocked by a 20 *μ*g ml^-1^ proteinase K solution (Roche) followed by immersion in 3% hydrogen peroxide in methanol for 10 min. The sections were incubated with the TUNEL solution for 60 min at 37 °C. The remaining 100 *μ*l of the labelling solution was used as negative controls for alternate sections. Subsequently, the slides were incubated with a converter-POD solution for 30 min. TUNEL positive cells were stained with fluorescein-dUTP, and the slides were counterstained with DAPI. The TUNEL staining intensity was scored based on the methods described by Santini *et al* ([@bib32]). Briefly, five fields of each slide at × 40 magnification were randomly selected. The number of TUNEL positive cells stained green in all fields was determined to be the number of apoptotic cells. The apoptotic index (%) was defined as 100 × apoptotic cells/total cells.

To determine the microvessel density (MVD), tumour tissues were stained with anti-CD31 antibody (Cat. AB134168, Abcam, Cambridge, MA, USA). We measured the MVD of each slide following the method described by Moshref and coworkers ([@bib3]). Briefly, five fields of every slide were randomly selected at × 20 magnifications, where any brown-stained endothelial cell or endothelial cell cluster that was clearly separate from adjacent microvessels, tumour cells and other connective tissue elements was considered a single countable microvessel. Microvessels, characterised by thick muscular walls or with lumina larger than eight red blood cells in diameter (∼50 mm), were excluded from the count. The mean microvessel count of five areas was taken as the MVD, which was expressed as the absolute number of microvessels per 0.74 mm2 (× 200 magnification of each field).

We determined the MET protein expression level in tumour tissues by the semi-quantitative immunoreactivity score (IRS) described by Endo and Terada ([@bib18]). Briefly, the slides of each group were stained with MET antibody (Cat. 8198, Cell Signaling Technology, Beverly, MA, USA). Five fields of each slide were randomly selected at × 40 magnification. The IRS value of each slide was the percentage of positive cells multiplied by the staining intensity. The percentage of immunoreactive cells was classified according to the following five levels: 0 (negative), 1 (0--10%), 2 (11--50%), 3 (51--80%) and 4 (80--100%). The immunostaining intensity was defined as follows: 0 (negative), 1 (mild), 2 (moderate) and 3 (intensive). Consequently, IRS values of 0--3 indicate low intensity ('+'), 4--7 indicate medium intensity ('++') and 8--12 indicate high intensity ('+++').

All staining was performed in triplicates, and the scores for Ki-67, TUNEL, MVD and MET expression in tumour tissues were stereologically determined by two pathologists in a double-blinded manner.

rHGFK1 protein expression and purification
------------------------------------------

The cDNA of human HGFK1 gene was amplified from LO2 cells and subcloned into *E. coli* expression vector pET24-a (Novagen, Darmstadt, Germany) to produce pETHK1. pETHK1 was transformed into BL21 (DE3) competent cells (TIANGEN Biotech, Beijing, China), and HGFK1 expression was induced by 1 m[M]{.smallcaps} IPTG. Recombinant HGFK1 protein (rHGFK1) was purified using a HisTrap column (GE Healthcare, Chicago, IL, USA) as described previously ([@bib42]).

Cell culture and proliferation assay
------------------------------------

U87 human glioblastoma cells were obtained from the American Type Culture Collection (Manassas, VA, USA). U251 and U118 glioma cells were obtained from the cell bank of the Chinese Academy of Science (Shanghai, China). These cells were cultured in DMEM containing 10% FBS in a 37 °C, 5% CO~2~ cell incubator.

Cells were seeded in a 96-well plate at a density of 1000 cells per well. Six hours after seeding, cells were treated with an escalating concentration of rHGFK1 (0, 5, 10, 20, 30, 40 and 60 μg ml^−1^) for 48 h, and each dose was administered in quadruplicate. To determine the cell viability, 10 *μ*l of Cell Counting Kit-8 (CCK-8), WST-8 \[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, was added to each well and incubated for 1 h. The OD value was measured at A450 nm by an Epoch microplate absorbance reader (BioTek, Winooski, VT, USA). In addition to the CCK-8 assay, we used the Edu assay to measure the DNA-synthesised status of rHGFK1-treated cells. Briefly, U87 cells (1 × 10^3^ cells per well) were cultured in 96-well plates and treated with 40 *μ*g ml^−1^ of rHGFK1 for 48 h. Edu (50 n[M]{.smallcaps}) was then added into each well and incubated for an additional 2 h at 37 °C. Cells were subsequently fixed and permeabilised with 4% formaldehyde and 0.5% Triton X-100 and incubated with 100 *μ*l Click-iT reaction mixture for 30 min. Finally, cell nuclei were stained with Hoechst 33342 stain (100 μl per well) and imaged by fluorescence microscopy.

Radiation treatment *in vitro*
------------------------------

U87 and U251 cells were seeded in 6-well plates and incubated for 8 h. After adherence, cells were treated in a Varian 23 EX Clinic linear accelerator by vertical radiation with a rack rotation angle of 180°, a dosage rate of 300 cGy min^−1^, a source-skin distance of SSD=100 cm, and an exposure field of 15 cm × 15 cm. The bottom of the plate was covered with tissue infilling measuring 1.5 cm in height and received the same dose of radiation.

Colony formation assay
----------------------

U87 and U251 cells growing in the logarithmic phase were seeded in 6-well plates. After adherence, cells were treated with rHGFK1 (10 μg ml^−1^) in 1 ml of fresh media for 24 h, followed by radiation (0, 2, 4, 6, 8 and 10 Gy) and media change. After incubation for 14 days, the number of colonies was counted under a microscope at low magnification. Plating efficiency (PE)=colony number/number of seeded cells × 100%, and cell survival fraction (SF)=colony formation efficiency with or without radiation × 100%. On the basis of a multi-target single hit model and linear quadratic model (LQ model), the radiation survival curves of U87 and U251 cells were fitted using GraphPad Prism 5.0 (San Diego, CA, USA). In the multi-target single hit model, the parameters include *D* (radiation dose in Gy), *D*~0~ (median lethal dose), *D*~q~ (quasi-threshold dose), *N* (extrapolation number). SF2 can be calculated based on the equation SF=1−(1−*e*^−*D*/*D*0^)^*N*^. *D*~q~=*D*~0~ × 1 nN, where SF2 is the survival fraction in the treatment at 2 Gy. In the LQ model, SF=*e*^−*αD*−*βD*2^, *α*, *β* and *α*/*β*, with SF2 previously calculated. The sensitisation enhancement ratio (SER) was calculated according to the values of *D*~q~ and SF2, where SER=*D*~0~ of control group/*D*~0~ of experimental group.

Cell apoptosis and MET expression level analysis
------------------------------------------------

Cells treated with PBS (control), IR (10 Gy), rHGFK1 (30 μg ml^−1^) or in combination were trypsinised and rinsed twice with PBS at 72 h post-treatment and. Flow cytometry analysis of cell apoptosis was performed using an Annexin V-FITC/PI apoptosis detection kit (KeyGEN BioTECH, Nanjing, China) according to the manufacturer's instructions. To determine the MET expression level, adherent cells were dissociated with cell dissociation buffer containing EDTA and enzyme free. The cell suspension was incubated with 100 *μ*l solutions containing anti-human MET monoclonal antibody (Cat. MAB3582; R&D Systems, Minneapolis, MN, USA) and 1% BSA for 2 h at 4 °C. The cells were then washed with PBS for three times and incubated with an APC-label fluorescent secondary antibody (Cat. F0101B; R&D Systems) for 30 min. An isotope antibody was used as the control.

Western blot assay
------------------

Serum-starved U87 cells were treated with PBS, IR (10 Gy), rHGFK1 (40 *μ*g), or in combination for 48 h. The cells were then collected, rinsed in ice-cold PBS and lysed in lysis buffer containing protease inhibitor. Denatured protein was separated by 10% SDS polyacrylamide gel and transferred onto a PVDF membrane (Millipore, Billerica, MA, USA). After blocking with 5% BSA in TBS-Tween 20 (0.05%, v/v), the membrane was incubated overnight at 4 °C with the primary antibodies: anti-MET (Cat. 8198), anti-MET-Y1001 (Cat. 3153P), anti-Chk1-S345 (Cat. 2348T), anti-Chk2-T68 (Cat. 2197T), anti-Chk1 (Cat. 9931T), anti-Chk2 (Cat. 2360T), anti-ATM-S1981 (Cat. 13050S), anti-ATM (Cat. BS60023, Bioworld, St Louis Park, MN, USA), anti-Caspase 3 (Cat. 9665S), anti-PARP (Cat. 9542) and anti-*β*-actin (Cat. sc-47778, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). All antibodies were purchased from Cell Signalling Technology, unless otherwise specified. After washing with TBST, the membrane was incubated with HRP-conjugated anti-rabbit or anti-mouse secondary antibody for 1 h at room temperature. Following several washes, peroxidase activity was visualised with an Immobilon Western HRP kit (Millipore).

Statistical analysis
--------------------

Numerical results were analysed with SPSS (version 16.0, Armonk, NY, USA) and expressed as means±s.e.m. Statistical significance was evaluated using two-tailed Student's *t*-test. Multiple comparisons were performed using one-way ANOVA. *P* values \<0.05 were considered statistically significant.

Results
=======

H1/pHGFK1 nanoparticles inhibit tumour growth and radiosensitise glioblastoma *in vivo*
---------------------------------------------------------------------------------------

H1/pHGFK1 nanoparticles were formed according to our previously developed methods ([Figure 1A](#fig1){ref-type="fig"}). We first studied the anti-tumoural and radiosensitising effects of the nanoparticles in a subcutaneous glioma mouse model. The therapeutic schedule is illustrated in [Figure 1B](#fig1){ref-type="fig"}. H1/pHGFK1 treatment alone inhibited tumour growth on day 6 post-treatment. This inhibition was sustained for 24 days, and the growth resumed on day 30. However, combination treatment of IR and H1/pHGFK1 significantly decreased the median tumour volume to one-fifth of the original volume of therapy on day 15, and this effect was maintained for the next two weeks. In the IR- and IR+H1/pEGFP-treated groups, although the tumour volume gradually decreased from day 12 to day 30, tumour growth was restored on day 33 post-treatment. Similarly, in the survival study, the median survival times of tumour-bearing mice treated with PBS, H1/pEGFP, IR, H1/pHGFK1, IR+H1/pEGFP and IR+H1/pHGFK1 were 53, 54, 65, 64, 68 and 78 days post-tumour inoculation, respectively. The survival of the H1/pHGFK1-treated group was significantly extended compared with that of the H1/pEGFP-treated group. When compared with the IR, H1/pHGFK1 or IR+H1/pEGFP treatment groups, the survival time of the IR+H1/pHGFK1 group was significantly prolonged. These results suggest that the H1/pHGFK1 nanoparticles not only exhibit anti-tumoural effect, but also sensitise glioblastoma to IR treatment.

H1/pHGFK1 nanoparticles inhibit proliferation, induce apoptosis, reduce angiogenesis and reverse IR-induced MET overexpression *in vivo*
----------------------------------------------------------------------------------------------------------------------------------------

To validate the anti-tumoural and radiosensitising effects of H1/pHGFK1 *in vivo*, we determined the proliferation, apoptosis and angiogenesis in the tumour tissues harvested from the subcutaneous glioma mouse model. As shown in [Figure 2A--D](#fig2){ref-type="fig"}, the highest level of Ki-67 expression but the lowest level of TUNEL positive signals were observed in the samples of PBS- and H1/pEGFP-treated mice; the medial level of Ki-67 expression and TUNEL positive signals were occurred in the samples of IR and IR+H1/pEGFP-treated mice; the lowest level of Ki-67 expression but the highest level of TUNEL positive signals were displayed in the samples of single H1/pHGFK1- and IR+ H1/pHGFK1-treated mice. These results suggest that H1/pHGFK1 nanoparticles inhibit the proliferation and induce the apoptosis of glioma cells in tumour tissues that is more potent than IR along; moreover, it also can enhance the anti-proliferative and pro-apoptosis activities of IR toward glioma.

We also determined the microvessel density and MET protein levels of tumour tissues by immunohistochemical staining. The representative images and the microvessel density (MVD) densitometry of CD31 staining showed that the median MVD densities of the IR- and H1/pHGFK1-treated groups were 0.62- and 0.36-fold lower, respectively, than that of the control; in the IR+H1/pHGFK1-treated group, the MVD density was 0.4-fold lower than that of the IR+H1/pEGFP-treated group ([Figure 2E and F](#fig2){ref-type="fig"}). The representative images and pathological scale of MET staining showed that treatment with either IR or IR+H1/pEGFP enhanced MET protein levels in tumour tissues; however, in the H1/pHGFK1-treated group, MET protein levels were lower than those in the control groups, and the combination of IR and H1/pHGFK1 further decreased MET protein levels in tumour tissues ([Figure 2G and H](#fig2){ref-type="fig"}).

These results suggest that IR treatment alone reduced angiogenesis and upregulated MET protein expression; contrarily, H1/pHGFK1 treatment alone inhibited angiogenesis but did not increase MET protein expression; moreover, H1/pHGFK1 synergistically enhanced the anti-angiogenic ability of IR as well as reversed the IR-induced upregulation of MET protein.

rHGFK1 inhibits glioblastoma cell proliferation and promotes IR-induced apoptosis *in vitro*
--------------------------------------------------------------------------------------------

To examine the anti-tumoural and radiosensitising mechanisms of H1/pHGFK1 nanoparticles *in vitro*, we generated recombinant human HGFK1 polypeptide (rHGFK1) with high homogeneity and purity ([Supplementary Figure](#sup1){ref-type="supplementary-material"}). Using a cell counting kit-8 assay, we first evaluated the effects of rHGFK1 on the cell viability of two human glioblastoma cell lines, U87 and U251. rHGFK1 treatment reduced the viability of both cell lines in a dose-dependent manner ([Figure 3A](#fig3){ref-type="fig"}). The IC~50~ values of rHGFK1 in U87 and U251 cells were 40 and 60 μg ml^−1^, respectively. We further determined the proliferation status of rHGFK1-treated cells using a DNA synthesis measuring kit. Edu-positive signalling was significantly lowered in rHGFK1-treated cells, as compared with PBS-treated cells ([Figure 3B and C](#fig3){ref-type="fig"}). These results suggest that rHGFK1 significantly represses the proliferation of glioblastoma cells *in vitro.*

We also assessed the effects of rHGFK1 on IR-induced apoptosis in glioblastoma by flow cytometry analysis. As shown in [Figure 3D--G](#fig3){ref-type="fig"}, compared with the PBS-treated group, rHGFK1 treatment significantly increased the median apoptotic rates by 4-fold and 2.5-fold in U87 and U251 cells, respectively; compared with that of the IR-treated group, the median apoptotic rates of the combined rHGFK1 and IR treated group were increased by 2.5- and 1.5-fold, respectively. These results suggest that rHGFK1 treatment induced apoptosis and significantly enhanced IR-induced apoptosis in glioblastoma.

rHGFK1 enhances radiosensitivity of glioblastoma cells
------------------------------------------------------

To determine the effects of rHGFK1 on the radiosensitivity of glioblastoma cells, we performed a clonogenic survival assay in U87 cells. The survival data of IR- or IR+rHGFK1-treated cells was fitted to the multi-target single hit model ([Figure 4A](#fig4){ref-type="fig"}) and a linear quadratic model (LQ model) ([Figure 4B](#fig4){ref-type="fig"}). Compared with IR-alone group, the survival curves of the combined therapy groups in both models were a steep slope and small shoulder. It was noted that U87 cells were relatively radio-resistant, with a survival fraction (SF) at 2Gy of 66.7%. However, rHGFK1 significantly reduced SF to 47.5% upon IR ([Table 1](#tbl1){ref-type="table"}; Student's *t*-test, *P*\<0.05, *n*=3). Using the Multi-target single hit model, the sensitisation enhancement ratio (SER) of the rHGFK1 treatment was determined to be 1.38, whereas all other radiobiological parameters, including *D*~q~, *D*1 and *N*, were reduced upon the addition of rHGFK1 ([Table 2](#tbl2){ref-type="table"}). Consistently, LQ model analysis showed that the *α* value and *α*/*β* ratio of cells treated with the combined therapy were increased by 1-fold and 2.5-fold, respectively, compared with the single IR-treated cells ([Table 3](#tbl3){ref-type="table"}). These results suggest that rHGFK1 enhances the sensitivity of glioblastoma cells to IR treatment.

rHGFK1 inhibits IR-induced MET/ATM activities
---------------------------------------------

To know the underlying molecular mechanism of HGFK1 inhibiting IR-induced MET expression, we investigated firstly the effects of rHGFK1 on IR-induced MET expression in U87 and U251 cells. Representative flow cytometric histograms for each treatment applied to the U87 and U251 cells were shown on the right side of [Figure 5C](#fig5){ref-type="fig"}. The statistical histograms ([Figure 5A and B](#fig5){ref-type="fig"}) showed that compared with the PBS treatment, IR alone significantly increased the median percentages of MET+ cells 1.6- and 2.3-fold, whereas rHGFK1 alone treatment significantly reduced the percentages 0.15- and 0.10-fold; however, in contrast to IR alone, the combined rHGFK1 and IR treatment significantly reduced the median percentages of MET+ cells by 0.36-fold and 0.34-fold in U87 and U251 cells, respectively. These results suggest that rHGFK1 treatment significantly reduces MET expression and represses IR-induced upregulation of MET at the exocellular domain levels.

We further confirmed these results and explored the relationship between MET expression and apoptosis in these treatments by a western blot assay. As shown in [Figure 5C](#fig5){ref-type="fig"}, in contrast to the PBS treatment, IR treatment definitely increased but rHGFK1 treatment reduced the total protein of MET and the phosphorylation level of MET at Y1003 residues (MET~Y1003~); consistently, in contrast to IR treatment alone, the combination IR and rHGFK1 treatment reduced the total protein of MET as well as inhibits the phosphorylation level of MET~Y1003~. Moreover, the rHGFK1 and combination treatments produced cleaved fragments of both PARP and Caspase 3 proteins, whereas single IR treatment did not. These results suggest that the rHGFK1 treatment inhibits MET receptor activities and induces cell apoptosis, which should contribute to the radiosensitive activity of HGFK1 toward glioma.

IR-induced MET activation has been linked to ATM signalling pathways, previously. We investigated thus the changes in protein expression and phosphorylation level of ATM--Chk2/Chk1 in pre-starved U87 cells treated by mentioned regimens. As shown in [Figure 5D](#fig5){ref-type="fig"}, as compared with the PBS-treated cells, the total protein of ATM and its phosphorylation level in single IR-treated cells were both increased appreciably, that in cells subjected to the single rHGFK1 treatment did not change and that in cells treated with the combined therapy was restore; the change in total Chk2 protein and its phosphorylation level in cells subjected to these treatments coincided with that of ATM; in contrast, the total protein of Chk1 and its phosphorylation level in single IR-treated cells were not apparently raised, but they were noticeably increased in cells that received the single rHGFK1 or combined IR and rHGFK1 treatment. These results suggest that IR treatment activated ATM and its downstream factor Chk2 but not Chk1, which should be attributable to IR-induced double strand DNA damage (DBS); rHGFk1 did not cause DBS and thus did not induce ATM--Chk2 activities, but it repressed IR-induced ATM--Chk2 activities. Moreover, rHGFK1 clearly activated Chk1-independent ATM, which indicated that rHGFK1 alone should arrest the cell cycles that resulted in the anti-proliferation and radiosensitisation activities toward glioblastoma cells.

H1/pHGFK1 nanoparticles inhibits tumour growth and promotes radiosensitisation to glioblastoma in the orthotopic U118 cell-xenografted mice model
-------------------------------------------------------------------------------------------------------------------------------------------------

To evaluate the clinical relevance of these treatments, an orthotopic glioma mouse model is required. We established therefore a luciferase-stable U118 cell-xenografted glioma mouse model and studied the anti-tumoural and radiosensitising activities of H1/pHGFK1. Representative images of intracranial tumour cell-bearing mice in each group were captured by an *in vivo* imaging machine on day 7 and 14 post-treatment, respectively ([Figure 6A--C](#fig6){ref-type="fig"}). On day 7, the photon numbers (counts per second, CPS) accounting for the bioluminescent intensity (BI) of mice in the IR-, IR+H1/pEGFP-, H1/pHGFK1- and IR+H1/pHGFK1-treated groups were all obviously lower than the PBS- and H1/pEGFP-treated groups; their median CPS values were 0.75-, 0.74-, 0.74- and 0.69-fold that of the PBS-treated group, respectively; among these treatments, the combination therapy produced the most significantly low value. On day 14, the CPS values of tumour-bearing mice in the IR-, IR+H1/pEGFP, H1/HGFK1- and IR+H1/pHGFK1-treated groups were significantly lower than those of the control groups, including the PBS and H1/pEGFP treatments, whose means of CPS value were 0.1-, 0.12-, 0.17- and 0.05-fold that of the PBS-treated group, respectively.

In the survival study, we observed no significant difference in tumour-bearing mouse survival between the PBS- and H1/pEGFP-treated groups, whose mean survival times were 30 and 32 days post-treatment, respectively; in contrast to these two groups, the IR alone, H1/pHGFK1 alone, IR+H1/pEGFP and IR+H1/pHGFK1 treatments significantly prolonged survival, with median survival times of 38, 37, 38 and 43 days post-treatment, respectively. In contrast to the IR alone and IR+H1/pEGFP treatments, the IR+H1/pHGFK1 treatment significantly extended the survival time.

These results suggest that H1/pHGFK1 nanoparticles significantly suppressed tumour growth, prolonged the survival of tumour-bearing mice and synergistically enhanced the anti-tumoural activities of IR in the orthotopic U118 cell-xenografted nude mouse model.

Discussion
==========

Radioresistance remains a major challenge to glioblastoma therapy. Improving radiosensitivity will therefore benefit a large population of patients with glioblastoma ([@bib12]). Using a polymeric nanoparticle-mediated HGFK1 delivery system, we demonstrated that H1/pHGFK1 nanoparticles not only inhibit tumour growth but also sensitise glioblastoma cells to IR in both subcutaneous and orthotopic human glioma cell-xenografted models. To the best of our knowledge, this is the first pre-clinical study to illustrate the effective anti-tumoural and radiosensitising functions of H1/pHGFK1 nanoparticles in glioblastoma.

The mechanism studies from both *in vitro* and *in vivo* in this research demonstrate that HGFK1 inhibits the tumour cell proliferation, induce cell apoptosis and abate tumour angiogenesis, which collectively contribute to the anti-tumoural functions of HGFK1 in glioblastoma. As HGFK1 contains a MET receptor binding domain of HGF, we assumed that HGFK1 might initially bind to the MET receptor in the cell membrane. We further showed that treatment with H1/pHGFK1 nanoparticles significantly reduced MET protein level in glioma tissues; rHGFK1 treatment significantly reduced total protein levels and ectodomain of MET and its phosphorylation at the Y1003 residue of glioblastoma cells, indicating that HGFK1 inhibits MET receptor activities both *in vivo* and *in vitro.* MET is a bifunctional receptor. It induces cell apoptosis in the absence of ligand, but promotes cell survival upon ligand binding ([@bib20]). In various malignant cell lines with constitutive MET activation, repressing MET activity can induce apoptosis ([@bib36]; Lutterbach *et al*, 2007). Activation of MET has been shown to promote the growth, angiogenesis and metastasis of glioma ([@bib1]). However, NK4, an antagonist of HGF, has been shown to abolish the growth of glioblastoma ([@bib9]). These results suggest that inhibition of MET is essential for HGFK1's anti-proliferation, pro-apoptosis and anti-angiogenesis functions in glioblastoma. The mechanisms of HGFK1 declining the protein level of total MET and its ectodomain may involve to the ligand or non-ligand dependence degradation, such as metalloproteinase domain-containing protein induced MET shedding, stress induced caspase cleavage of MET during apoptosis and restricted phosphorylation-induced MET degradation. The detail mechanism will be explained in a future study.

MET-positive subpopulations originating from both the tissue samples and cell lines of glioblastoma have been documented to be responsible for tumour recurrence following anti-angiogenic therapy and IR treatment ([@bib22]; Pawlik and Keyomarsi [@bib28]). A recent mechanism study showed that ATM/NF-*κ*B activation in response to IR-induced DNA damage is responsible for IR-induced MET overexpression ([@bib16]). Consistently, we observed that IR treatment upregulates MET protein expression level as well as activates ATM and its downstream effector Chk2. The ATM--Chk2 pathway is well known to regulate a double-stranded DNA damage response protein that controls DNA repair ([@bib2]). Chk2 and Chk1 kinases are two downstream effectors of ATM that are the key checkpoints regulating fundamental cellular functions, such as DNA replication, cell cycle progression, and apoptosis ([@bib6]). IR treatment produced a DBS response that induces ATM--Chk2 activation and results in DNA repair and resistance to IR-induced cell death. Thus, HGFK1 suppression of IR-induced ATM--Chk2 activation should contribute not only to the inhibition of IR-induced MET protein expression but also to radiosensitivity. In addition, Bacco *et al* suggested that MET inhibitor could reduce IR-induced ATM activation by inhibiting AKT/Aurora A or p21 signalling pathway ([@bib35]), which should be contributed to the inhibition ability of HGFK1 toward ATM--Chk2 pathway.

Previous studies have suggested that Chk1 is a labile protein and is strongly activated depending on DNA replication blocking but not on DNA damage, which mainly restricts the cell cycle to the S and G2 phases ([@bib6]; [@bib35]). In this study, we showed that HGFK1 activates Chk1. Moreover, Chk1 was still activated in the combination treatment. These findings indicate that HGFK1 does not induce DNA damage but may inhibit DNA replication, resulting in Chk2 repression but Chk1 activation that should contribute to anti-proliferation abilities as well as radiosensitivity in glioma ([@bib45]).

Our previous study documented that AAV-HGFK1 also inhibits EGF- and bFGF-induced cell proliferation of hepatoma. These differences may be caused by (1) the different malignant types displayed based on the varying responses to HGFK1 and (2) the crosstalk between HGF/MET and EGF/EGFR in the cellular membrane of cancer cells ([@bib41]). As a previously defined anti-angiogenesis factor, HGFK1 showed a significant ability to inhibit angiogenesis in glioblastoma in the animal study, and the treatment correlates with a decrease in MET protein expression in tumour tissues. Although other studies have indicated that anti-angiogenesis therapy can increase MET protein expression via hypoxia-induced upregulation of HIF1*α* ([@bib17]; [@bib13]), our results suggest that HGFK1 exhibits a dual inhibition ability to the angiogenesis and MET signalling. We speculate that HGFK1 should also function in reversion of therapeutic resistance of anti-angiogenic therapy in glioma.

Conclusion
==========

In summary, H1/pHGFK1 exerts anti-tumour and radiosensitising abilities in glioblastoma by suppressing tumour cell proliferation, inducing apoptosis, and inhibiting angiogenesis. The underlying mechanisms are mainly associated with the inhibition of intrinsic and IR-induced MET receptor activity, the repression of ATM--Chk2 axis and upregulation of Chk1. The clinical use of H1/pHGFK1 nanoparticles as a treatment option for glioblastoma warrants further investigation.
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![**Anti-tumoural and radiosensitising efficacies of H1/pHGFK1 nanoparticles for the subcutaneously U87 cell-xenografted nude mouse model.** (**A**) A schematic of H1/pHGFK1 nanoparticle formation. The plasmid encoding the HGFK1 gene includes a hEF-HTL promoter and the secreted signalling peptide Ig*κ* located at the N-terminus of the HGFK1 protein. (**B**) A diagram illustrating the therapeutic schedule for these treatments. On grouping day (day 0), peritumoural injection of H1/pDNA (DNA: 50 μg, N/P ratio: 20:1) was performed for each mice. After 2 days, the initiated IR was conducted at a dose of 3 Gy for a mouse; the procedure was repeated once over the next two days. On days 11, 19 and 25, the nanoparticles were again administered to maintain the therapeutic dose. (**C**, **D**) The dynamic change in tumour volume with time extension and the survival curve of tumour-bearing mice in PBS-, H1/pEGFP-, IR-, IR+H1/pEGFP-, H1/pHGFK1- and IR+H1/pHGFK1-treated groups, respectively. Student's *t*-test, *n*=6, \**p*\<0.05; \*\**p*\<0.01; \*\*\**p*\<0.001.](bjc2017461f1){#fig1}

![**Immunohistochemistry staining and stereological analysis of the Ki-67, TUNEL, CD31 and MET expression level in tumour tissues of PBS (control)-, H1/pEGFP-, IR-, IR+H1/pEGFP-, H1/pHGFK1- and IR+H1/pHGFK1-treated groups.** (**A**) Representative phase-contrast light microscopy images of Ki-67 staining. Red line in each photo is the scale bar and represents 50 *μ*m. Brown dots indicate Ki-67-positive signalling. Cell nuclei were stained by haematoxylin. (**B**) Panel of Ki-67 labelling index (KL) in tumour tissues of each group. The highest Ki-67 labelling index were displayed in control and H1/pEGFP-treated tumours; the medial level of that were shown in IR- and IR combining H1/pEGFP-treated tumours; the lowest level of that were shown in H1/pHGFK1- and IR combining H1/pHGFK1- treated tumours. '+' indicates KL \<10% '++' indicates KL=10--50% and '+++' indicates KL\>50%. (**C**) Representative fluorescence microscopy images of TUNEL staining. Green represents fluorescein-dUTP signalling indicating TUNEL-positive staining. Cell nuclei were stained by DAPI. Merged lanes indicate the overlap between green and blue colours. (**D**) Table of apoptotic index (AI) of tumour specimens in each group. According to the intensity and number of the green colour, we qualified the TUNEL signalling level of every slide by the apoptotic index. The lowest AI (+) was shown in the control and H1/pEGFP-treated tissues; the median level of AI (++) was displayed IR-, IR+H1/pEGFP- and H1/pHGFK1-treated tumour tissues; the highest AI(+++) was presented in the IR+H1/pHGFK1-treated group. '+' indicates AI ≦10% '++' indicates 10%\<AI≦30% and '+++' indicates AI\>30%. (**E**) Representative phase-contrast light microscopy images of CD31 staining. The microvessel is the tubular frame shown in brown. In the PBS- and H1/pEGFP-treated groups, CD31+ epithelial cells formed a typical microvessel structure with a lumen measuring 30-50μm in diameter; in the IR- and IR+H1/pEGFP-treated groups, cells partially formed microvessels with a lumen measuring \<30 *μ*m in diameter; in the H1/pHGFK1- and IR+H1/pHGFK1-treated groups, few microvessels were formed in tumour tissues. (**F**) Scatter diagram of the microvessel density (MVD) in tumour tissues. The MVD of each slide was expressed as the absolute number of microvessels per 0.74 mm2 (× 200 magnification of each field, Student's *t*-test, *n*=8, \*\**P*\<0.01; \*\*\**P*\<0.001). (**G**) Representative images of immunohistochemical staining of MET in tumour tissues. (**H**) Table showing MET intensity in tumour tissues for every group. The IRS values of (0--3) are denoted by '+' values of (4--7) are denoted by '++' and values of (8--12) are denoted by '+++'.](bjc2017461f2){#fig2}

![**Proliferation and apoptosis analysis.** (**A**) CCK8 assays showed the cell viability curves of U87 (solid line) and U251 (dotted line) cells treated with a series of doses of rHGFK1 for 48 h. (**B**) Statistical histograms of the percentage of Edu-positive cells in PBS- and rHGFK1(40 *μ*g ml^-1^)-treated group (Student's *t*-test. *n*=5, \*\*\**P*\<0.001). (**C**) Representative fluorescence microscopy images of Edu-assay in U87 cells. Cell nuclei were stained by Hoechst. keyFluor488-azide was used to label the Edu-positive cells. (**D**, **F**) Statistical histograms of the percentage of apoptotic cells among PBS-, IR-, rHGFK1- and IR+rHGFK1-treated U87 or U251 cells, respectively (Student's *t*-test. *n*=3, \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001). (**E**, **G**) Representative colour density of flow cytometry analysis of U87 (E) or U251 (G) cells stained by Annexin V and PI. The percentage of the Annexin V+ and PI+/Annexin V+ subpopulations representing early and late apoptotic cells, respectively.](bjc2017461f3){#fig3}

![**Radiosensitivity of rHGFK1.** (**A**, **B**) Multi-target single hit model and linear quadratic model (LQ model) of colonic survival of U87 cells treated with ionising radiation (IR) alone or in combination with rHGFK1, respectively. Plating efficiency (PE)=colony number/ number of seeded cells × 100%, cell survival fraction (SF)=colony formation efficiency with radiation without radiation × 100%. On the basis of multi-target single hit model and linear quadratic model (LQ model), radiation survival curves of U87 and U251 cells were fitted using GraphPad Prism 5.0.](bjc2017461f4){#fig4}

![**The protein expression levels of MET and ATM.** (**A**, **B**) Flow cytometry analysis of MET-positive U87 and U251 cells treated with PBS, IR (10 Gy), rHGFK1 (40 *μ*g ml^-1^) or IR (10 Gy)+rHGFK1 (40 μg ml^−1^) for 48 h. The left two statistical histograms show the MET-positive proportions for U87 and U251 cells, respectively. Each treatment was performed in triplicate, and the results are representative of three independent experiments (Student's *t*-test, *n*=3, \*\**P*\<0.01; \*\*\**P*\<0.001). The right histograms display representative images of the flow cytometry analysis of U87 (up) and U251 cells (down) treated by the indicated regimens. (**C**, **D**) Western blots of the protein expression level of total MET, pMET~Y1001~, PARP, Caspase 3, pATM~S1981~, total ATM, pChk2~T68~, total Chk2, pChk1~S345~ and total Chk1 in U87 cells treated by the indicated regimens. The expression of target proteins was normalised to that of *β*-actin, which was used as housekeeping control. The grey value of each protein bane was shown below the relative lane.](bjc2017461f5){#fig5}

![**The anti-tumoural and radiosensitising functions of H1/pHGFK1 nanoparticles in the orthotopic luciferase-labelling U118 cells-xenografted nude mouse model.** (**A**, **C**) Representative bioluminescent images of tumour-bearing live mice treated with PBS-, H1/pEGFP, IR, IR+ H1/pEGFP, H1/pHGFK1 and IR+ H1/pHGFK1 were captured by *in vivo* imaging on day 7 and day 14 post-treatment, respectively. Red circles marking the region of interests (ROIs) in each mouse; bioluminescent intensities (BIs, CPS: counts per second) are in the red boxes. (**B**, **D**) Statistical histograms of ROIs in living mice from the six groups on days 7 and 14 post-treatment, respectively (Student's *t*-test, *n*=6, \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001). (**E**) The survival curve of the tumour-bearing mice in the six groups (Student's *t*-test, *n*=6, \*\**P*\<0.01).](bjc2017461f6){#fig6}

###### The rate of surviving fraction in two groups (*n*=3, mean±s.d.)

  **Dose (Gy)**   **0**   **2**       **4**       **6**       **8**       **10**
  --------------- ------- ----------- ----------- ----------- ----------- -----------
  IR              1       0.67±0.04   040±0.07    0.23±0.05   0.12±0.04   0.06±0.01
  IR+HGFK1        1       0.48±0.02   0.21±0.05   0.08±0.02   0.03±0.02   0.01±0.03

Abbreviation: IR=ionising radiation. The cell survival fraction (SF) of IR- and IR+rHGFK1-treated groups, respectively.

###### Comparison of radiation biologiacal parameters between two groups (multi-target single-hit model)

  **Group**   ***D***~**q**~   ***D***~**0**~   ***N***   **SF2**   **SER**~**D0**~
  ----------- ---------------- ---------------- --------- --------- -----------------
  IR          1.185            3.225            1.444     0.671     1.405
  IR+HGFK1    0.432            2.296            1.207     0.480      

Abbreviation: IR=ionising radiation. The radiobiological parameters of IR- and IR+rHGFK1-treated groups for the multi-target single hit model, respectively. *D*~0~ and *N* represents the median lethal radiation dose (Gy) and the extrapolation number, respectively; *D*~q~ represents the quasithreshold that was calculated by the Equation *D*~q~=*D*~0~ × 1 nN; SF2 represents the survival fraction (SF) for cells treated with IR at 2 Gy that can be calculated according to the equation SF=1−(1−e^−*D*/*D*0^)^*N*^. The sensitisation enhancement ratio (SER) was calculated according to the values of *D*~q~ and SF2, where SER=*D*~0~ of control group/*D*~0~ of experimental group.

###### Comparison of radiation biological parameters between two groups (L--Q linearity quadri-model)

  **Group**   ***α***   ***β***   ***α*****/*****β***   **SF2**
  ----------- --------- --------- --------------------- ---------
  IR          0.185     0.011     16.818                0.661
  IR+HGFK1    0.344     0.011     31.273                0.481

Abbreviation: IR=ionising radiation. The radiobiological parameters of the IR- and IR+rHGFK1-treated groups for the linear quadratic (LQ) model. SF=*e*^−*αD*−*βD*2^, *α*, *β*, *α*/*β* and SF2 were given by GraphPad Prism 5.0 based on the curve of LQ model, previously.
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